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ABSTRACT

Introduction. Diet is a critical factor in the development of viral pathogenesis. Previously 
it was shown that a high intake of proteins correlated directly with dangerous outcomes of 
SARS-CoV-2 infection. It is necessary to analyze the biochemistry of the metabolic relations of 
the host and pathogen to explain the contribution of proteins in the development of COVID-19.

Purpose. Identify a risk factor influencing the development of the COVID-19 disease. Compare 
the amino acid composition of animal and plant proteins with non-structural polyproteins of 
the SARS-CoV-2 virus. Analyze the impact of dietary essential amino acids (EAAs) in the COV-
ID-19 infectious disease.

Materials and Methods. The scientific data and information needed for this analysis were 
found in publications and media available on the Internet, as well as taken from statistical 
databases. Statistical samples were formed from sources and facts available on the Internet. 
Amino acid sequences of proteins were obtained from databases (https://www.ncbi.nlm.nih.
gov/, https://www.uniprot.org/uniprot/).

Results and Discussion. Analysis of statistical data and assessment of nutritional factors 
during the development of the 22-month pandemic in 20 countries indicated that the outcomes 
of COVID-19 disease were worsened by excessive consumption of animal proteins. The num-
bers of reported cases of SARS-CoV-2 virus (RPr) infection and deaths (IFR) from the COVID-19 
disease per one thousand inhabitants were significantly lower in regions that predominantly 
consumed plant-based foods with minimal EAAs. A positive relationship was found between 
the pathogenicity of SARS-CoV-2 and the amount of animal protein ingested, with correlation 
coefficients r = 0.83 for RPr and r = 0.61 for IFR. Human Coronaviruses are composed of higher 
proportion of EAAs than cellular organisms. Edible plant proteins contain 2-3 times less leu-
cine, lysine, and especially threonine and valine (LKTV) than SARS-CoV-2 polypeptides. Opti-
mal synthesis of the SARS-CoV-2 virus Pp1a and Pp1ab polyproteins requires a rapidly large 
amount of these four EAAs.

Conclusions. A deficiency of EAAs, especially free valine, and threonine, could suppress the 
early translation of SARS-CoV-2 nonstructural polyproteins. It was concluded that a diet low in 
EAAs and especially LKTV may prevent rapid, highly productive viral replication and pathogenic 
development of COVID-19.
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С. В. Пономаренко

АННОТАЦИЯ

Введение. Диета является решающим фактором в развитии вирусного патогенеза. 
Предварительно было показано, что высокое потребление животных белков напрямую 
коррелирует с опасными исходами инфекции SARS-CoV-2. Анализ биохимии метабо-
лических отношений хозяина и возбудителя необходим для выяснения роли животных 
белков в развитии COVID-19.
Цель. Выявить диетический фактор, влияющий критически на развитие заболевания 
COVID-19. Сравнить аминокислотный состав животных и растительных белков с не-
структурными полипротеинами вируса SARS-CoV-2. Проанализировать влияние неза-
менимых аминокислот (ЕАА) на развитие инфекционного заболевания COVID-19.
Материалы и методы. Данные и информация, необходимые для этого анализа, были 
найдены в публикациях и СМИ, доступных в Интернете, а также взяты из статистиче-
ских баз данных. Статистические выборки формировались из источников и фактов, 
доступных в Интернете. Аминокислотные последовательности белков были получены 
из баз данных (https://www.ncbi.nlm.nih.gov/, https://www.uniprot.org/uniprot/). 
Результаты и обсуждение. Анализ статистических данных и оценка факторов пи-
тания в период развития 22-месячной пандемии в 20 странах, с наибольшим числом 
инфицированных пациентов, показали, что исход заболевания COVID-19 усугублялся 
избыточным потреблением белков животного происхождения. Количество зарегистри-
рованных случаев заражения вирусом SARS-CoV-2 (RPr) и смертности (IFR) от болезни 
COVID-19 на тысячу жителей было значительно ниже в регионах, где потреблялась пре-
имущественно растительная пища с минимальным содержанием EAA. Выявлена поло-
жительная связь между патогенностью SARS-CoV-2 и количеством поступающих в ор-
ганизм животных белков с коэффициентами корреляции r = 0,83 для RPr и r = 0,61 для 
IFR. Коронавирусы человека содержат гораздо больше ЕАА, чем клеточные организмы. 
Съедобные растительные белки содержат в 2-3 раза меньше лейцина, лизина и особен-
но треонина и валина (LKTV), чем полипептиды SARS-CoV-2. Для оптимального синтеза 
полипротеинов Pp1a и Pp1ab вируса SARS-CoV-2 требуется своевременное поступление 
большого количества этих четырех EAA.

Выводы. Дефицит ЕАА, особенно свободного валина и треонина, может подавлять ран-
нюю трансляцию белков Рр1а и Рр1аb вируса SARS-CoV-2. Предполагается, что диета 
с низким содержанием EAA и особенно LKTV может предотвратить быструю, высокопро-
дуктивную репликацию вируса и патогенное развитие COVID-19.
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INTRODUCTION

Coronavirus SARS-CoV-2 was discovered three years ago, 
and the COVID-19 pandemic caused by it hindered almost all 
aspects of human activity1(CDC, 2022). Unfortunately, there 
is no etiotropic or highly effective drug blocking the repli-
cation cycle of the SARS-CoV-2 virus yet, and a radical de-
crease in infection dynamics has not been observed globally 
(Worldometers, 2022; Mei & Tan, 2021; Yapasert et al., 2021). 
Humanity will fight the SARS-CoV-2 virus infection and the 
consequences of the pandemic for another year or more in 
various ways. Numerous studies have shown that social 
isolation, sanitary measures, and vaccination help fight the 
virus. Comorbidities, advanced age, obesity, or severe mal-
nutrition are risk factors for the severity of COVID-192 (CDC, 
2022).

The importance of nutrition in the outcome of SARS-CoV-2 
infections has been explored in dozens of research programs 
across countries and populations. Numerous studies on the 
effect of diet on COVID-19 outcomes have been published, 
which allowed data to be processed and analyzed in system-
atic reviews (Allard et al., 2020; Bedock et al., 2021; Clem-
ente-Suarez et al., 2021; James et al., 2021; Mentella et al., 
2021; Mechanick et al., 2021; Morais et al., 2021; Mortaz et 
al., 2021). Diet type has also been shown to be the critical 
socioeconomic factor for the virus´s pathogenic develop-
ment. It was demonstrated that the consumption of excess 
fat, sugar, and protein linearly correlated with the severity 
of COVID-19 disease and mortality (Ponomarenko, 2022; 
Ponomarenko, 2023). It has been shown that adequate con-
sumption of total and plant proteins correlated with a low 
incidence of negative manifestations of the pathogenesis of 
the SARS-CoV-2 virus (Ponomarenko, 2022; Kim et al., 2021). 
Excessive consumption of animal proteins is a serious fac-
tor in many health problems (Wu, 2016) and a risk of severe 
development of SARS-CoV-2 as well (Ponomarenko, 2022).

Optimal interaction with its host is fundamental for a suc-
cessful viral replication cycle. The development of COVID-19 
infection depends on the level of biochemical interactions 
between the virus and the host. The pathogen has been 

1  World Health Organization. https://www.who.int 
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ABBREVIATIONS: AAs — Amino Acids, ACE2 — membrane bound Angiotensin-Converting Enzyme 2, BCAA —   
Branched-Chain Amino Acid, ßCoV- Betacoronavirus, EAAs — Essential Amino Acids, FAAs –Free Amino acids, gRNA — genomic 
RNA, HCoV — Human Coronaviruses, IFR — Infection Fatality Rate, Km — Michaelis-Menten coefficient, LAAs — Limited Amino 
Acids, LKTV — Leucine+Lysine+Threonine+Valine, NTP — nucleoside triphosphate, Pp1a and Pp1ab — Polyproteins, PT2 — 
Pneumocytes Type 2, rER — rough Endoplasmic Reticulum, RPr — Rate of Prevalence, SARS — Severe Acute Respiratory 
Syndrome, cSME — Spike, Membrane and Envelope proteins-lipid complex, WHO — World Health Organization.

shown to destabilize proteostasis and amino acid homeo-
stasis (Aller et al., 2018; Bojkova et al., 2020; Delattre et al., 
2020; Mussap &Fanos, 2021; Paez-Franco et al., 2021; Wu et 
al., 2021). Viruses use intracellular mechanisms and building 
resources for productive replication. If the body is not able to 
supply sufficient nutrients to synthesize the necessary viral 
proteins, pathogen replication should slow down or be inter-
rupted. The amount of the synthesized viral proteins after the 
invasion of the pathogen into the cell increases successively 
passing through the lag phase, the rapid growth phase, and 
the exponential phase (Bojkova et al., 2020; Wu et al., 2021; 
Cheemarla et al., 2021; Pyke et al., 2021). In the rapid growth 
phase and especially in the exponential phase, viral replica-
tion requires high availability of substrates for biosynthetic 
reactions. The consequence of EAA availability for the syn-
thesis of SARS-CoV-2 proteins has not been studied previ-
ously. For a practical understanding of the significance of 
limiting EAAs in the pathogenesis of COVID-19, it should be 
compared the biochemical characteristics of the virus and 
the host.

MATERIAL AND METHODS

For the study, required information was systematically 
searched on the Internet using single keywords and com-
bination thereof. Data from 20 countries with the highest 
reported number of cases were analyzed. AA sequences 
of  virus proteins were acquired from databases (https://
www.ncbi.nlm.nih.gov/, https://www.uniprot.org/uniprot/). 
Most of the statistics were obtained from the following well 
known and reliable databases: https://www.who.int; https://
www.worldometers.info; http://www.fao.org; https://our-
worldindata.org; https://databank.worldbank.org; https://
www.imf.org. The rate of prevalence (RPr) or infection fatal-
ity rate (IFR) of the virus were calculated as a ratio between 
quantities of total cases and population. Case fatality rate 
(CFR) was the ratio between total COVID-19 deaths and to-
tal registered infection cases in percentage. The relationship 
between statistical data was estimated as a Pearson corre-
lation coefficient (r). 

https://www.who.int
https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://www.uniprot.org/uniprot/
https://databank.worldbank.org
https://www.imf.org
https://www.imf.org
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RESULTS AND DISCUSSION

Characteristics of the development 
of the COVID-19 pandemic over two years

The pathogenic SARS-CoV-2 virus was discovered three 
years ago. In around 700 days (Monday, January 31, 2022), 
after the announcement of the COVID-19 pandemic by WHO, 
there were about 380 million patients globally infected with 
the SARS-CoV-2 virus: approximately 5 % of the world’s pop-
ulation. To date, the current COVID-19 pandemic has entered 
its sixth wave of infections and deaths (Worldometers, 2022). 
WHO experts have identified three main groups of patients 
infected with the virus, depending on the development of the 
disease3(CDC, 2022). The largest group of patients had the 
infection with mild or no symptoms; the next group included 
patients with severe disease, and 5 % of COVID-19 patients 
developed to a critical phase with a high mortality rate. To 
date, about 300 Mio people (79 % of infected people) have 
recovered from the disease and approximately 5.7 Mio COV-
ID-patients (1.5 %) died (Worldometers, 2022). 

Data on the consequences of the infectious disease COV-
ID-19 vary significantly between different continents, states, 
and even distinct regions in the same country4 (CDC, 2022; 
Worldometers, 2022; Ponomarenko, 2022, Ponomarenko, 
2023). Three countries: the United States of America (USA), 
India, and Brazil, have recorded the most infections and 
deaths from COVID-19. These three countries were home 
to 38 % of the globally infected and 37 % of all deaths. With 
22.8 %, the USA had the highest number of registered infec-
tions per capita (RPr) of these three countries, and the USA 
also had the highest mortality (IFR): 0.27 %. On the other 
hand, in some European countries, RPr exceeded 35 %, which 
was 6–7 times higher than the global average (Worldom-
eters). In Peru, the IFR was roughly an order of magnitude 
higher than the global average (0,6 % compared to 0.07 %). 
The emergence of new variants of the virus poses a risk for 
the further development of the epidemic; an increase in COV-
ID-19 cases and deaths is possible in the coming months if 
drastic measures would not be taken to combat the SARS-
CoV-2 virus. 

Related molecular biological characteristics 
of the SARS-CoV-2 virus

The SARS-CoV-2 virus belongs to the Betacoronavirus 
(ßCoV) genus. ßCoV are the largest and most developed RNA 
viruses; their genome type is designated NSss+RNA since 
they have an non-segmented single-stranded positive-sense 
RNA. Coronaviruses that cause disease in humans are re-

3  World Health Organization. https://www.who.int 
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ferred to as HCoV. The linear genomic RNA (gRNA) of ßCoV 
is about 30 kb in size and protected by a developed spiral 
capsid (Abdelrahman &Wang, 2020; Hu et al., 2021; To et al., 
2021; V´kovski et al., 2021).

The genetics, structure, and function of SARS-CoV-2 pro-
teins have been well studied and discussed in many publi-
cations, as well as detailed in several reviews (Abdelrahman 
&Wang, 2020; Hu et al., 2021; To et al., 2021; V´kovski et al., 
2021;Yadav et al., 2021; Yoshimoto, 2020). Large databas-
es of the sequence, structure, and function of ßCoV proteins 
have been created (NCBI, 2022; UniProt, 2022). It was be-
lieved that few of the viral proteins can be the subject of vac-
cines or targeted inhibitors (Yapasert et al., 2021; Yadav et 
al., 2021; Yoshimoto, 2020). 

The virus has no storage proteins, so all proteins are needed 
for its rapid reproduction. The genome of Coronaviruses en-
codes the synthesis of structural and functional polypeptides 
(Hu et al., 2021; To et al., 2021; V´kovski et al., 2021; Yadav 
et al., 2021; Yoshimoto, 2020). The functional open reading 
frame ORF1ab is located in the 5’-genomic region from 268 
to 21555 nucleotides of the SARS-CoV-2 virus (V´kovski et 
al., 2021; Yadav et al., 2021; Yoshimoto, 2020) and contains 
16 nsp genes encoding the same amount of non-structural 
proteins (NSPs). The ORF1ab makes up approximately two-
thirds of the viral genome. It encodes the production of two, 
primarily translated, polyproteins Pp1a and Pp1ab (V´kovski 
et al., 2021;Yadav et al., 2021; Yoshimoto, 2020; NCBI, 2022; 
UniProt, 2022; Finkel et al., 2021). These two polypeptides 
are synthesized directly upon invasion by using gRNA as a 
template. The Pp1a polypeptide is expressed 1.4–2.2 times 
faster than Pp1ab (V´kovski et al., 2021;Yadav et al., 2021). 
This is a co-translational result of a programmed -1 ribo-
some frameshift common to Coronaviruses (Bhatt et al., 
2021). Eleven NSPs, from the nsp1 to nsp11 genes, are re-
leased from the Pp1a polyprotein, and fifteen protein types: 
nsp1–10 plus nsp12–16 are released from Pp1ab after 
post-translational proteolytic cleavage (V´kovski et al., 2021; 
Yoshimoto 2020).

As in other HCoVs, four genes encoding structural proteins: 
spike (S), envelope (E), membrane (M), and nucleocapsid (N) 
are located in the 5’ to 3’ direction of the remaining third of 
the SARS-CoV-2 genome. These genes border on a variable 
number of accessory proteins (Hu et al., 2021; To et al., 2021; 
V´kovski et al., 2021;Yadav et al., 2021; Yoshimoto 2020). 
The intensively studied spike protein is the largest structural 
polypeptide containing 1273 amino acid residues (Yadav et 
al., 2021; Yoshimoto 2020; NCBI, 2022; UniProt, 2022). Spike 
polypeptides are synthesized at a higher rate than other 
structural proteins (Finkel et al., 2021) and form glycosylated 
trimers after folding. They, in combination with the M and E 
proteins, are released from rER and then form a specific pro-
tein-lipid complex (cSME) with the membranes of the Golgi 
apparatus (Yadav et al., 2021; Yoshimoto, 2020). N-proteins 

https://www.who.int
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associate with newly synthesized gRNAs in the cytoplasm 
forming many densely condensed nucleocapsids (protovi-
rions). Protovirions bind to membrane cSME secreted from 
the Golgi apparatus to form self-organized virion progeny 
(Hu et al., 2021; To et al., 2021; V´kovski et al., 2021). Mature 
progeny virions attach to the cell membrane and are released 
during exocytosis, their number can reach 103 per cell (Bar-
On et al., 2020).

The complete productive cycle of a virus consists of the main 
phases: infection, replication, release, and transmission of 
virions. Viral gRNA should primarily translate the non-struc-
tural polypeptides Pp1a and Pp1ab using cellular ribosomes. 
Since these polypeptides produce the enzymes necessary for 
replication and transcription of the genomic and subgenom-
ic RNA of the ßCoV (Yadav et al., 2021; Yoshimoto 2020). The 
total length of Pp1ab in the SARS-CoV2 virus is 7073 amino 
acid residues, and the Pp1a polypeptide consists of 4405 
amino acid residues (NCBI, 2022; UniProt, 2022). About 85 % 
of the virus gRNA nucleotides encode Pp1ab and the spike 
protein.

As an obligatory parasite, the virus uses an intracellular ap-
paratus for the synthesis and post-translational modifica-
tions of all the necessary polypeptides, as well as RNA mole-
cules. The remaining components that make up the structure 
of pathogenic virions are taken from the host cell (Abdelrah-
man &Wang, 2020; Hu et al., 2021; To et al., 2021; V´kovski 
et al., 2021).

Type of diet influences the development 
of COVID-19 disease 

Animals need essential macronutrients (proteins, carbo-
hydrates, and lipids) to sustain their life, health, and repro-
duction. The WHO has long promoted recommendations for 
healthy eating. Human food must contain the required quan-
tity and quality of basic products and additional nutrients5 
(Wu, 2016; Joint, 2007 ). The most commonly used staples 
are rice, wheat, corn, and beans. However, plants are incom-
plete sources of protein due to their low content of some es-
sential amino acids (EAAs). Vegans are advised to consume 
additional sources of protein, to achieve the optimal EAAs 
combination. The diet of many people in some countries or 
regions is low in calories, uniform, and does not contain the 
recommended complete protein6 (Our World in Data, 2022; 
New Food Balances, 2021).

WHO or the Food and Agriculture Organization (FAO) of the 
UNO have recommended the optimal amount of dietary pro-
tein and the correct ratio of EAAs to maintain quality of life 

5  World Health Organization. https://www.who.int 
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and good health. Protein bioavailability is a criterion for de-
termining the nutritional value of foods (Joint, 2007).

As noted above, diet can significantly influence the develop-
ment of COVID-19 (Allard at al., 2020; Bedock et al., 2021; 
Clemente-Suarez et al., 2021; James et al., 2021; Mentel-
la et al., 2021; Mechanick et al., 2021; Morais et al., 2021; 
Mortaz et al., 2021). In large statistical samples, it has been 
shown that the severity of COVID-19 was worsened by the 
consumption of animal proteins in excess of the WHO rec-
ommendations (Ponomarenko, 2022; Ponomarenko, 2023). 
In contrast, a plant-based diet correlated directly with a mild 
SARS-CoV-2 infection process (Ponomarenko 2022; Kim et 
al., 2021). 

These data were confirmed when comparing the statisti-
cal sample for the top 20 countries in terms of the number 
of infected people (Table S1). The correlation coefficients 
between animal protein intake and pathogenicity of SARS-
CoV-2 varied between 0.83 for infection rate and 0.61 for 
specific mortality (Table S2). The correlation coefficients be-
tween the development of COVID-19 and the consumption 
of plant foods were lower (-0.30 for RPr and-0.24 for IFR) 
than in studies conducted before the fifth global wave of the 
pandemic (Ponomarenko, 2022; Ponomarenko, 2023), which 
analyzed epidemiological data from a different type of sta-
tistical samples. The resulting correlation coefficients (Ta-
ble S2) confirm that the overconsumption of animal proteins 
correlates with the severity of COVID-19. It can be assumed 
that some components of dietary animal proteins were crit-
ical factors in the development and outcome of COVID-19 
disease. 

Comparison of the amino acid composition  
of proteins from animals, plants, and viruses 

Proteins and their AAs are essential for the structure and 
function of living cells and viruses.

The building blocks of proteins are amino acid residues. 
Therefore, it is logical to study the dependence of the severity 
of COVID-19 on the AAs amount and composition of proteins 
consumed. The significance of viruses’ amino acid profile is 
analyzed here.

Biochemists divide the 20 standard proteinogenic AAs into 
two groups depending on the ability of the human body to 
synthesize them: non-essential (NEAAs) and EAAs. The nine 
EAAs must come from food; the NEAAs are synthesized in 
various cells of the body.

Edible products differ in the ratio of NEAAs and EAAs. Animal 
proteins contain more EAAs than plants (Gardner et al., 2019; 
Gorissen et al., 2018; Kang, 2020). Fish and eggs contain an 
average of 44 % EAAs, milk, and meat about 43 % (Table 1, 

about:blank
https://www.who.int
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Fig. 1). In the proteins of the main products produced from 
plants: rice, wheat, potatoes and soybeans; the proportion of 
EAAs is 37 %, 30 %, 35 %, and 38 %, respectively (Fig. 1, Ta-
ble 1). An adult should consume 0.8–1 g of protein per kg of 
body weight (BW) daily (WHO; Joint, 2007) and 0.2 g/kg BW/
day EAAs (Verzola et al., 2021). In Europe and America, peo-
ple consume more total and animal protein (Western diet) 
(Table 2, Fig. 2) than the WHO recommends7 (Our World in 
Data, 2022; New Food Balances, 2021). 

More than a half of the EAAs consumed are represent-
ed by four amino acids: leucine, lysine, threonine, and va-
line (LKTV). Their content in food varies greatly depend-

7  World Health Organization. https://www.who.int 

Table 1
Ratio of total EAAs and LKTV of animal or vegetable based proteins in staple food

Food

Amino acid Meat Egg-milk Salmon Wheat Rice Potato Soybeans

Leucine 8,0–8,2 8,5–8,8 8,6 6,7 8,28 6 7,7

Lysine 8,8–9,1 7,2–7,8 9,4 2,2 3,66 6 6,2

Threonine 4,2–4,6 4,0–4,8 4,4 3 3,59 3,6 4,2

Valine 5,2–5,4 6,0 5,2 4,4 6,14 5,5 4,6

Sum LKTV 31,0–33,0 30,5–32,8 32,4 19,8 25,97 25,3 27,3

Total EAAs 41,8–44,3 42,9–43,7 43,8 30,2 37 35 38,5

Amount of total EAAs and LKTV in  % in meat (from beef, chicken, and pork), egg-milk products, and diet plants (Gardner et al., 2019).

ing on the diet. Plant proteins have a low content of EAAs 
(Fig. 1–3, Tables 1–2) and have a particularly low content 
of lysine (Gardner et al., 2019; Gorissen et al., 2018; Kang, 
2020). Therefore, vegan diets contain less EAAs and LKTV 
than the diet of meat eaters or the USA standard diet (Paul 
et al., 2019) (Table 2., Fig. 2). The proteins of the Standard 
American diet contain almost twice as many LKTV ami-
no acids (Paul et al., 2019; Schmidt et al., 2015; Mariotti 
& Gardner, 2019) as in the vegan diet (Table 2.). Children 
generally require more dietary protein per kg of body weight 
than adults. WHO recommends the amount of total protein 
and AAs required per day (Table 2, Fig. 2) for optimal body 
functioning in children and adults8 (Joint, 2007). However, 
residents of many countries in Africa and Asia consume 
much less total protein, and especially less animal protein9 
(Ponomarenko, 2022; Ponomarenko, 2023; Our World in 
Data, 2022; New Food Balances, 2021). 

The concentration of amino acids in the blood 

AAs from hydrolyzed dietary proteins are absorbed in the 
intestine and transported into the bloodstream (Bröer 
& Bröer, 2017; Groen et al., 2015; Horstman et al., 2020; 
Trommelen et al., 2021). The concentration of each AA in 
the blood plasma varies widely both under normal condi-
tions (Table 3) and in various pathologies (Verzola et al., 
2021; Schmidt et al., 2016; Bröer & Bröer, 2017; Atila et al., 
2021; Ansone et al., 2021; Holecek, 2021; Ren et al., 2018). 
Their concentration in the blood and other tissues may 
depend on many factors but is successfully regulated in a 
healthy body (Joint, 2007). The content of free AAs in the 
bloodstream changes during the day and can significant-
ly increase after a meal (Joint, 2007; Groen et al., 2015; 
Horstman et al., 2020; Trommelen et al., 2021). Free amino 
acid (FAA) homeostasis is maintained through the synthe-

8  World Health Organization. https://www.who.int 
9  там же

Fig. 1 
Content of total EAAs and LKTV in animal or vegetable dietary 
proteins

Ratio of total EAAs and LKTV (red),  % of total protein, in egg, meat 
(mean from beef, chicken, and pork), milk products, rice, potato, and 
wheat (Gardner et al., 2019). On the ordinate axis indicated amount of 
AAs as percentage of the total protein.

about:blank
https://www.who.int
about:blank
https://www.who.int
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sis/degradation of polypeptides and amino acids, protein 
proteolysis, AAs uptake from the gut into the bloodstream, 
and their utilization in various tissues (Joint, 2007; Bröer 
& Bröer, 2017; Ansone et al., 2021; 2021; Ren et al., 2018; 
Purpura et al., 2014; Sans et al., 2020). Baseline (fasting) 
plasma concentrations of some FAAs are lower in vegans 
(Schmidt et al., 2016; Purpura et al., 2014) than in those who 
consume animal products (Table 3). The content of EAAs in 
human muscles is lower than in the proteins of other mam-
mals (Fig. 3). The level of all FAAs and especially EAAs in 
plasma increases up to 2–3 times after a meal (Paul et al., 
2019; Groen et al., 2015; Horstman et al., 2020; Trommelen 
et al., 2021; Purpura et al., 2014; Wilkinson et al., 2018; Yang 
et al., 2012), therefore their transport to organs and tissues 
rises (Groen et al., 2015; Yang et al., 2012). This leads to an 
intensification in the rate of protein synthesis (Groen et al., 
2015; Horstman et al., 2020; Wilkinson et al., 2018; Bohe 
et al., 2003) and is used by athletes to build muscle mass. 

The SARS-CoV-2 virus modifies the consumption profile and 
distribution of proteins and AAs in host cells and leads to an 
imbalance in the metabolism of AAs in the body (Mussap & 
Fanos, 2021; Wu et al., 2021; Verzola et al., 2021; Ansone et 
al., 2021; Ren et al., 2018). The pathogen alters central cel-
lular pathways such as translation, splicing, carbon metab-
olism, protein homeostasis (proteostasis), and nucleic acid 
metabolism (Bojkova et al., 2020; Banerjee et al., 2020). The 
serum metabolome of COVID-19 patients is distinctive and 
has important value in investigating pathogenesis, deter-
mining a diagnosis, predicting severe cases, and improving 
treatment (Shi et al., 2021). 

The composition of AAs in patients’ plasma can vary signif-
icantly depending on the severity of COVID-19 (Delattre et 
al., 2020; Mussap & Fanos, 2021; Paez-Franco et al., 2021; 
Wu et al., 2021Atila et al., 2021; Ansone et al., 2021; Rees 
et al., 2021). About 70 % of the three BCAAs: leucine, iso-
leucine, and valine are transported from the bloodstream to 
peripheral tissues (Holecek, 2021) and their metabolism is 
regulated coordinately. BCAAs are essential for the regula-
tion of anabolic process; their transport is interdependent 

Table 2
Four EAAs content (g) in 100 g of total protein from different diets compared with recommended dietary allowance by WHO 

Amino acid WHO Human milk Meat-eaters Vegans AD*

Leucine 5,9 9,6 6,13 4,33 7,75

Lysine 4,5 6,9 5,01 2,82 6,69

Threonine 2,3 4,4 2,99 2,19 3,84

Valine 3,9 5,5 4,14 2,95 5,07

Sum LKTV 16,6 26,4 18,27 12,29 23,35

Ref. (Joint 2007) (Joint 2007) (Schmidt et al., 2016) (Schmidt et al., 2016) (Paul et al., 2019)

AD* =Standard American Diet, 

Red: LKTV, light blue: total EAAs. AD: standard American Diet (Paul et 
al., 2019). Animal: mean from meat, milk and egg products (Gardner et 
al., 2019). Plant: mean from rice, wheat, potato, and soya (Gardner et 
al., 2019). Req: amount of EAAs required per day (WHO; Joint 2007). 
For HCoV protein sequences used means of Pp1ab+Spike which Un-
iProtKB-ID listed in Table S2 (uniprot). On the ordinate axis indicated 
amount of EAAs as percentage of the total protein.

with other AAs (Paez-Franco et al., 2021). Leucine rapidly 
accelerates protein synthesis (Groen et al., 2015; Wilkinson 
et al., 2018; Yang et al., 2012; van Sloun et al., 2020). 

The peculiarity of AAs composition of virus 
polypeptides

Virus polypeptides are very different from human proteins, 
other animals, or plants in terms of the amount of EAAs and 
their proportion in the total protein. The proportion of EAAs 
in HCoV proteins is much higher than in mammalian tissues 
(Fig. 1–3). The proteins of the HCoV-HKU1 Coronavirus 
contain the highest amount of EAAs, and the SARS-CoV2 
virus contains more of the LKTV compared to other HCoVs 
(Fig. 2–3). Nutrient plant proteins contain much less of both 

Fig. 2
Amount of EAAs in proteins from HCoV, animal and plants
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EAAs and LKTV than Coronaviruses or human and animal 
proteins (Table 1, Fig. 2–3).

The spike protein and other structural polypeptides of Coro-
naviruses have a high content of leucine, threonine, and 
valine (Renz et al., 2021). Polyproteins of Coronaviruses 
are synthesized just after entry into the cell (V´kovski et al., 
2021;Yadav et al., 2021) and have an EAAs content of more 
than 45 % (Fig. 4). The Pp1a polyprotein of the HCoV-HKU1 
virus is almost half composed of EAAs residues. Another 
feature of the proteins of HCoV viruses is the high content 
of four LKTV amino acid residues, almost 1/3 of all AAs (Fig. 
2–3). SARS-CoV-2 Coronavirus proteins contain more valine 
and threonine than alveolar cells (Renz et al., 2020) and diet 

Table 3
Content of selected EAAs in blood plasma, human tissues and diet proteins

Amino acid
Plasma AAs [µmol/L]  % of total protein

Reference intervals Meat-eaters Vegan Human body Human muscle Meat Plant

Leucine 66–170 205 191 7,5 7,6 8,1 7,2

Lysine 150–220 241 210 7,3 7,8 9,0 4,5

Threonine 92–240 164 165 4,2 3,4 4,4 3,6

Valine 150–310 230 217 4,9 5,1 5,3 5,2

Ref. * (Schmidt et al., 2016) (Joint, 2007) (Gorissen et al., 2018; 0 et al., 2019)

Meat and Plant: average composition ( %) of EAAs in ingested 100 g dietary meat and plant products (from Table 1).

*https://www.ucsfhealth.org/

proteins (Fig. 5). The content of EAAs is highest in the Pp1a 
polyprotein (Fig. 4).

Vegans consume only half as much lysine as meat eaters. 
The SARS-CoV-2 polyprotein Pp1a contains 2–3 times more 
threonine or valine than consumed proteins (Fig. 5). The 
Pp1a proteins of HCoV-OC43 and HCoV-HKU1 contain twice 
as much valine as mammalian tissues. The highest content 
of threonine is in Pp1a of the SARS-CoV-2 virus. A significant 
amount of leucine (more than 9 %) is found in all five patho-
genic HCoV viruses. It is not clear; can leucine increase pro-
tein synthesis of the virus as has been noted for cell proteins 
translation (Groen et al., 2015; Sans et al., 2021; Cantwell et 
al., 2021). The SARS-CoV-2 virus causes metabolic repro-
gramming of the AAs profile, and competition between host 
and pathogen for EAAs is not excluded (Paez-Franco et al., 
2021; Wu et al., 2021; Rees et al., 2021; Lapointe et al., 2021). 
AAs deficiency can reduce translation (Sans et al., 2021), and 
leucine deficiency inhibits the formation of intracellular pol-
ysomes (Mazor et al., 2018).

SARS-CoV-2 reproduction and translation 
kinetics

The kinetics of reproduction of viruses, as well as other mi-
croorganisms, obeys the Monod equation, which is similar to 
the dependence of Michaelis-Menten on the concentration 
of the substrate for the enzymatic reaction (Cheemarla et al., 
2021; Pyke et al., 2021). These equations describe the reac-
tion rate as a function of substrate concentration. At a con-
centration of translation substrates sufficient for the optimal 
rate of pathogen protein synthesis, virion replication passes 
through the lag phase and the fast phase into the exponen-
tial growth phase (Cheemarla et al., 2021; Pyke et al., 2021). 
The doubling time of the SARS-CoV-2 virus is 6–10 hours 
(Cheemarla et al., 2021; Bar-On et al., 2020). Each pneumo-
cyte type2 (PT2) can produce about a thousand new viri-
ons (Bar-On et al., 2020). At the peak of pathogenesis in the 

Fig. 3
Amount of EAAs in proteins from human beta-coronaviruses, 
animal and plants

Red: LKTV, light blue: the rest EAAs of total protein. For HCoV proteins 
used means of Pp1ab+Spike which UniProtKB-ID listed in Table S2 
(uniprot). Human muscle: ratio EAAs,  % of total protein in human mus-
cle, in animal and plant food (Gorissen et al., 2018). On the ordinate 
axis indicated amount of AAs as percentage of the total protein.

https://www.ucsfhealth.org/
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body of an infected patient, the total number of viral particles 
reaches 109–1011 with a mass greater than 100 g (Bar-On et 
al., 2020). As a result of the successful reproduction of the 
SARS-CoV-2 virus, lung weight increases, but the total body 
weight of animals (Cantwell et al., 2021) or humans (Bedock 
et al., 2021) decreases.

The expression rate of viral polypeptides rapidly increases 
after the lag phase (Aller et al., 2018; Cheemarla et al., 2021; 
Pyke et al., 2021). The polypeptides of the SARS-CoV-2 virus 
are elongated by 6 AA residues per second (Bar-On et al., 
2020). Some NSPs mediate cellular RNAs destabilization but 
stimulate robust translation of viral gRNAs and subgenomic 
RNAs (Lapointe et al., 2021; Zhang et al., 2022). More than 60 
mutations were found in Omicron variant B.1.1.529 (GSAI ID: 
R40B60_BHP_3321001247/2021) of the SARS-CoV-2 virus, 
as a result of which the content of EAAs changed. This led to 
an alteration in the development dynamics of this pathogen 
(He et al., 2021). For the log phase of protein synthesis, it is 
necessary that the concentration of free and transportable 
AAs significantly exceed Km (Bergström et al., 1974; Hoff-
mann & Lambert, 1983).

The large difference between the need and availability of 
LKTV makes them the first limiting substrates in the polym-
erization reaction of HCoV polypeptides. A reasonably high 
concentration of LAAs is required to enter the exponential 
phase of the synthetic reaction. A lack of even one AA can 
slow down or interrupt the translation of Coronavirus poly-
proteins (Verzola et al., 2021) and, therefore, a low concen-
tration of LAAs can block the synthesis of NSPs. 

Fig. 4
Ratio of total EAAs in five HCoVs proteins

Total amount of EAAs in proteins ( %) of Pp1a, Pp1ab and Spike protein of HCoVs, which UniProtKB-ID listed in Table S2 (uniprot). On the ordinate 
axis indicated amount of AAs as percentage of the total protein.

Factors affecting the rate of translation 
of SARS-CoV-2 polypeptides 

The HCoV-HKU1 virus contains more EAAs than the three 
SARS-causing pathogens and has more than 10 % valine in 
its Pp1ab polypeptide (Fig. 2–3, 5). The deficiency of EAAs 
will interrupt the Pp1a translation, which is known as the 
first synthesized in HCoV. Inhibition of translation of func-
tional Pp1a and Pp1ab polypeptides can consequently lead 
to a radical decrease in the rate of synthesis of Coronavirus 
gRNA and subgenomic RNAs and the polypeptides they en-
code. Such a decrease in the synthesis rate of Pp1a mole-
cules or abortive translation can prevent the development of 
the log phase of replication, reduce the pathogenic effect of 
the virus, and prevent cytokine storms in COVID-19 patients. 

Fig. 5
Content of selected EAAs in HCoV, in human and in food as 
percentage of total protein

Human:  % of EAAs in whole body (Joint, 2007). Meat-eaters and 
Vegans: composition ( %) of EAA in ingested 100 g food proteins by 
meat-eaters or vegans (Schmidt et al., 2016). For HCoVs used se-
quence of polyprotein Pp1a which UniProtKB-ID listed in Table S2 (un-
iprot). On the ordinate axis indicated amount of AAs as percentage of 
the total protein.
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The high concentration of EAAs in the polyproteins Pp1a or 
Pp1ab, especially valine, may explain the less severe out-
comes of the two human coronaviruses HCoV-OC43 and 
HCoV-HKU1 infection compared to COVID-19.

Table 4 structures the data, showing that optimal conditions 
in PT2 for the protein synthesis of the SARS-CoV-2 virus 
were created. In the alveoli cells were observed a high level of 
protein expression. The interaction of the synthesizing sys-
tems of the cell and the virus can provide high-speed trans-

lation on host ribosomes (Zhang et al., 2022). A high rate of 
viral protein synthesis is necessary for a short replication 
cycle and efficient production of a large population of prog-
eny virions. The amount of LKTV may be the primary limiting 
factor in the rate of polypeptide translation, and hence the 
replication of the SARS-CoV-2 virus. The high requirement 
of Pp1a and proteins for EAAs makes their replication very 
sensitive, especially to the shortage of LKTV. Such lack of 
LAAs can lead to inhibition of SARS-CoV-2 virus replication 
or even unproductive infection.

Table 4
Conditions for fast replication of SARS-CoV-2 virus in pneumocytes 

Drivers of translation and replication Factors promoting viral protein synthesis

Intracellular structures and mechanisms 
provide a high rate of viral protein 
synthesis.

The ability of PT2 to form transcriptional-translational complexes inside membrane vesicles 
supplies a high rate of synthesis of gRNA and subgenomic RNAs of the SARS-CoV-2 virus (Bar-
On et al., 2020; Fehrenbach, 2001; Knudsen & Ochs, 2018).

The ability of PT2 to a high rate of protein synthesis provides a highly developed rER and amino 
acid transport ATPases (Fehrenbach, 2001; Knudsen & Ochs, 2018; Mason, 2006; Weibel, 2015).

A large number of mitochondria and a saturated oxygen concentration in PT2 create good 
conditions for enhanced oxidative phosphorylation and ensure high production of nucleoside 
triphosphates (NTP) and other energy-rich molecules required for the high-speed synthesis of 
RNA and polypeptides, and virus titer (Bedock et al., 2020; Lapointe et al., 2021; Zhang et al., 
2022).

SARS-CoV-2 virus alters and suppresses 
host protein synthesis

Viral proteins inhibit the synthesis of host cell polypeptides, and induce changes the properties 
of the synthesized host proteins. This leads to an alteration in the cell cycle and RNA splicing 
(Finkel et al., 2021; Banerjee et al., 2020; Lapointe et al., 2021). 

Timely sufficient concentrations of 
necessary FAAs in cells.

Prolonged high concentration of EAAs in 
plasma and their active transport into the 
cell.

Deficiency of AAs in contrast to their excess amount causes inhibition of intracellular 
translation and decreases in protein synthesis (Bröer & Bröer, 2017).

In the cytosol of cells, the concentration of AAs is higher than in plasma (Bröer & Bröer, 2017; 
Holecek, 2021; Bergström et al., 1974; Hoffmann & Lambert, 1983). 

The content of threonine and valine in lung cells is lower than in SARS-CoV-2 proteins (Renz et 
al., 2020).

Metabolic mechanisms capable of 
accelerating translation on the ribosomes 
of the cell

It is known that leucine induces intracellular translation (Sans et al., 2021; Mazor et al., 2018). 
A high concentration of FAAs in plasma activates the activity of anabolic hormones. Animal 
proteins are more anabolic than ones of plant origin (Verzola et al., 2021].

The intake of AAs from the intestine and 
from the breakdown products of host 
own proteins. Anabolic hormones inhibit 
the breakdown of proteins in the body; 
therefore, in the postprandial period, the 
role of ingested proteins for the transport 
of AAs to the tissue increases.

AAs are accumulated in plasma and most of FAAs are transported to tissues (Groen et al., 2015; 
Trommelen et al., 2021). 

The postprandial plasma concentration of AAs, including leucine, is increased for 2–5 hours 
(Groen et al., 2015; Horstman et al., 2020), depending on the composition of the food. After a 
peak, they decrease back to base levels (Schmidt et al., 2016;Bröer & Bröer, 2017). Anabolic 
hormones not only stimulate protein synthesis, but they also inhibit protein breakdown as well 
(Bohe et al., 2003; van Sloun et al., 2020).

Consumption of a large amount of highly 
bioavailable foods with a high content of 
proteinogenic AAs.

In the process of enzymatic digestion, a pool of FAAs is formed in the bloodstream, and 
the concentration of EEAs increases significantly with a sufficient level of nutrition. A high 
concentration of FAAs is required for the accelerated synthesis of viral proteins (Ren et al., 
2018).

The basic concentration of FAAs is 
regulated by complex systems, both at the 
level of the cell and total organism

The bioavailability of AAs from animal proteins is higher than that from plant proteins. 
Consumption of large amounts of animal proteins provides a high content of EAAs, which leads 
to a high rate of polypeptide synthesis in animal tissues. Plant-based food contains a minor 
amount of EAAs and gives a less postprandial increase of FAAs (Schmidt et al., 2016; Purpura et 
al., 2014).
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CONCLUSIONS

SARS-CoV-2 coronavirus causes COVID-19 disease in hu-
mans. The pandemic of this infectious disease has been 
depressing the vital activity of mankind for more than three 
years. Effective methods were urgently needed to combat 
COVID-19.

So far, no reliable data have been obtained on the effective 
use of an etiological drug that suppresses the early transla-
tion of the proteins of this pathogenic virus.

The relationship between diet type and the impact of the 
COVID-19 pandemic in the top 20 countries by the number of 
infections has been explored using numerous available sta-
tistics. A positive correlation between the severity of COV-
ID-19 outcome and protein intake has been identified previ-
ously for many regions and confirmed by this analysis.

The SARS-CoV-2 virus interacts with human ACE2 receptors, 
multiplies rapidly in affected cells, and critically alters prote-
ostasis and AAs homeostasis in the host organism.

Coronaviruses, after invasion into the cell, must translate the 
polyproteins Pp1a and Pp1ab. These polypeptides of Coro-
naviruses, unlike the proteins of the human body, other an-
imals, and plants, contain a very high amount of EAAs. The 
proportion of EAAs is the highest in the Pp1a polyprotein, 
namely 47 % of the total protein in the SARS-CoV-2 virus. Al-
most one-third of the total amino acid composition of Pp1a 

is represented by four EAAs: leucine; lysine; threonine and 
valine. The limited availability of one of these substrates can 
lead to a disruption in the polymerization rate of the Pp1a 
and Pp1ab polypeptide chains and, subsequently, to inhibi-
tion of SARS-CoV-2 early stage of replication.

EAAs are not synthesized de novo in the human body. Most of 
EAAs enter all tissues of the body from food. With a low-cal-
orie diet, and a predominantly plant-based diet, a small 
amount of EAAs enters the bloodstream. It should be not-
ed that protein intake below the WHO recommendation does 
not protect against the spread or invasion of viral particles. 
In regions where diets are predominantly low in these LAAs, 
infected patients may have asymptomatic or mild COVID-19 
disease, without the post-COVID syndrome.

This study has analyzed the relationship between COVID-19 
outcomes and the amount of animal protein consumption. 
Comparison of the AAs composition of the SARS-CoV-2 
pathogen and the host let to propose that the limit of LKTV 
can be a critical factor for the rapid synthesis of Pp1a and 
Pp1ab polyproteins. More detailed biochemical investiga-
tions need after that understanding of the EEAs responsibili-
ty in the relationship between virus and host.
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Table S1

Relation between outcomes of COVID-19 and diet factors in countries Top-20 infection cases from different continents, January 31, 2022

Country

Cases Consumed protein g/ person/day

Total Cases (mln)
Cases/ 1T 

population (RPr)
Deaths/1T 

population (IFR)
TP AP PP

World 378,903 48,6 0,73 81,2 32,1 49,1

USA 76,222 228,1 2,72 113,7 73,9 39,9

India 41,469 29,6 0,35 65,3 14,7 50,6

Brazil 25,454 118,4 2,92 90,9 52,8 38,1

France 19,140 292,2 2,00 112,1 69,7 42,4

UK 17,315 253,0 2,28 104,0 58,5 45,6

Russia 11,861 81,2 2,27 101,9 55,8 46,1

Turkey 11,619 135,5 1,02 101,2 35,8 65,4

Italy 10,983 182,1 2,43 106,8 57,0 49,7

Spain 9,961 212,9 2,00 107,1 66,5 40,6

Germany 9,896 117,5 1,41 104,2 63,1 41,1

Argentina 8,378 182,7 2,64 106,1 65,7 40,4

Iran 6,373 74,4 1,55 87,6 25,3 62,3

Colombia 5,887 113,8 2,60 72,4 37,2 35,2

Mexico 4,930 37,6 2,33 93,4 43,8 49,6

Poland 4,886 129,3 2,78 103,1 55,4 47,7

Netherlands 4,432 257,8 1,24 104,6 68,4 36,2

Indonesia 4,353 15,7 0,52 68,6 22,2 46,4

Ukraine 4,064 93,8 2,31 86,2 37,4 48,8

South Africa 3,605 59,6 1,57 83,4 34,9 48,8

Philippines 3,560 31,8 0,48 62,7 25,7 37,0

Correlation between rate of prevalence (RPr) or infection fatality rate (IFR) of the SARS-CoV-2 infection and amount of consumed animal protein 
(AP), plant protein (PP), total protein (TP). AP, PP, TP in g/day/person [38–39]. 

RPr = amount registered infected persons/1000 population (31.01.2022) [3], IFR= amount registered COVID-19 deaths/1000 population 
(31.01.2022).

Table S2
Correlation coefficients (r)

RPr IFR

IFR 0,41

TP 0,79 0,57

AP 0,83 0,61

PP -0,30 -0,24

Variation of correlation coefficients (r) between COVID-19 outcomes 
and consumed diet proteins. Pearson coefficients were calculated 
from data in Table 1.

Table S3
ID of HCoV Proteins from UniProtKB data base 

Virus
Proteins

Pp1a Pp1ab Spike

SARS-CoV-2 P0DTC1 P0DTD1 P0DTC2

SARS-CoV P0C6U2 P0C6X7-1 P59594

MERS-CoV K9N638-1 K9N7C7 R9UQ53

HCoV-OC43 P0C6U7 P0C6X6 P36334

HCoV-HKU1 P0C6U3  A0A3G2KXK3 Q0ZME7

https://www.worldometers.info/coronavirus/country/us/
https://www.worldometers.info/coronavirus/country/india/
https://www.worldometers.info/coronavirus/country/brazil/
https://www.worldometers.info/coronavirus/country/france/
https://www.worldometers.info/coronavirus/country/uk/
https://www.worldometers.info/coronavirus/country/russia/
https://www.worldometers.info/coronavirus/country/turkey/
https://www.worldometers.info/coronavirus/country/italy/
https://www.worldometers.info/coronavirus/country/spain/
https://www.worldometers.info/coronavirus/country/germany/
https://www.worldometers.info/coronavirus/country/argentina/
https://www.worldometers.info/coronavirus/country/iran/
https://www.worldometers.info/coronavirus/country/colombia/
https://www.worldometers.info/coronavirus/country/mexico/
https://www.worldometers.info/coronavirus/country/poland/
https://www.worldometers.info/coronavirus/country/netherlands/
https://www.worldometers.info/coronavirus/country/indonesia/
https://www.worldometers.info/coronavirus/country/ukraine/
https://www.worldometers.info/coronavirus/country/south-africa/
https://www.worldometers.info/coronavirus/country/philippines/

